Introduction
Melanoma is curable when diagnosed at an early stage. However, despite many recent advances in novel immunotherapies and targeted therapies for advanced melanoma, the prognosis for patients with advanced disease remains poor. Lack of effective treatment options is one of the major clinical challenges for management in this disease. The recent development of the BRAF inhibitor vemurafenib (PLX4032/Zelboraf) is a significant breakthrough in the development of molecularly-targeted therapy for melanoma patients carrying a particular BRAF activating mutation: valine substitution to glutamate at amino acid position 600 (V600E) [1] . However, the majority of the melanoma patients harboring the BRAF V600E mutation are only partially responsive to vemurafenib with relatively short response durations, most likely because of the emergence of acquired resistance to BRAF inhibitors [2] . Thus novel approaches are needed to treat this disease.
A recent phosphoproteomic screen in melanoma cells indicates that epidermal growth factor receptor (EGFR), erbB3, and erbB4 are promising targets for new molecular drug development [3] . EGFR expression has been detected, although in varying degrees, among the different stages of malignant melanoma [4] . It has also been shown that EGFR gene amplification along with chromosome 7 polysomy is detected in a subset of primary melanoma patients with poor prognosis [5, 6] . Cetuximab, a recombinant human/mouse chimeric monoclonal antibody against the extracellular domain of EGFR can suppress the metastasis of M24met melanoma in SCID mice [7] and the growth and invasion of melanoma cells in vitro [6] . However, phase II clinical trials have indicated that the EGFR small molecule tyrosine kinase inhibitors (TKIs), gefitinib and erlotinib, show only minimal clinical benefits towards melanoma patients [8, 9] . EGFR inhibitors are ineffective in inhibiting the growth of tumor cells with high erbB2 expression levels [10] . However, gene amplification and overexpression of erbB2 are generally not found in malignant melanoma [11] [12] [13] . In contrast, high expression levels of other erbB family members like erbB3 and erbB4 are found in malignant melanoma [14, 15] . Emerging data indicate that activation of the erbB receptor tyrosine kinase signaling by neuregulin (NRG) 1 is able to rescue the in-vitro growth inhibitory effect of vemurafenib in BRAF mutant melanoma [2, 16, 17] . Hence, a concomitant inhibition on erbB signaling may be beneficial to BRAF inhibitor treatment in BRAF mutant melanoma.
In this study, we show that melanoma cell lines, both BRAF mutant and wildtype (WT), express multiple erbB receptor family members and erbB ligands. Growth inhibition of melanoma cells is more effective with the pan-erbB targeting inhibitor canertinib than other single/dual-erbB targeting inhibitors. Canertinib also exerts stronger antitumor effects in the presence of vemurafenib in the BRAF mutant melanoma cells compared with this combination in WT cell lines. A combined inhibition strategy targeting BRAF together with multiple erbB family kinases is potentially beneficial for treating BRAF V600E mutant melanoma. WT BRAF melanoma may also benefit from a multi-erbB kinase inhibitor.
Methods

Chemicals and reagents
Recombinant human NRG1 (EGF domain), NRG4 (EGF domain), and EGF were obtained from Reprokine (Valley Cottage, New York, USA). Vemurafenib, canertinib, lapatinib, gefitinib, and erlotinib were purchased from ChemieTek (Indianapolis, Indiana, USA). General chemicals were purchased from Sigma-Aldrich (St Louis, Missouri, USA). Cell culture media, antibiotics, and fetal bovine serum (FBS) were obtained from Life Technologies (Grand Island, New York, USA).
Cell culture SK-MEL147, SK-MEL19, SK-MEL94, SK-MEL100 were a generous gift from Paul Chapman and originally established at Sloan-Kettering Institute (New York, New York, USA) and routinely cultured in DMEM + 10% FBS. A375 was available from ATCC (Manassas, Virginia, USA) and also cultured routinely in DMEM + 10% FBS. IgR3, FEMX, M14, MEL526, 08-196-64, TPF-11-743 were obtained from the UPCI Melanoma Program (University of Pittsburgh Cancer Institute, Pittsburgh, Pennsylvania, USA) and cultured in RPMI1640 + 10% FBS. All cell lines had been verified within 2 months before use and routinely maintained in media supplemented with 1 Â Pen/Strep antibiotic solution at 371C in humidified CO 2 incubator.
Cell viability assay
Melanoma cells were plated on 96-well plates with 6000 cells per well. The following day, EGFR TKIs and/or vemurafenib were added in each well at the concentrations indicated in the figures and incubated with the cells for 3 days at 371C in humidified CO 2 incubator. Cell viability was assessed by the MTT assay. Dose-response curves and IC 50 were determined by the nonlinear regression function of GraphPad Prism version 4.03 for Windows, (GraphPad Software, San Diego, California, USA, http://www.graphpad.com).
Western blotting
Cultured cells were collected and lysed in lysis buffer [1% (v/v) NP-40, 150 mmol/l sodium chloride, 1 mmol/l EDTA, 10 mmol/l sodium phosphate buffer, pH 7.2, 1 mmol/l dithithreitol, 1 mmol/l phenylmethylsulfonyl fluoride, 1 mg/ml leupeptin, 3 mg/ml aprotinin, 3 mg/ml pepstatin A, 1 mmol/l sodium orthovanadate, 0.05 mol/l sodium fluoride]. Lysate aliquots containing 50 mg proteins were resolved by 10% precast SDS-PAGE (Bio-Rad, Hercules, California, USA) and transferred to nitrocellulose membranes. Primary antibodies diluted in the blocking solution [2% (w/v) non-fat milk or BSA in 0.05% (v/v) Tween-20, 25 mmol/l Tris, 140 mmol/l sodium chloride, 2.7 mmol/l potassium chloride, pH 7.5] were incubated with the membrane at 41C overnight. The following primary antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, California, USA) and used at the indicated dilutions: EGFR (1005; 1 : 500), erbB2 (C-18; 1 : 800), erbB3 (C-17; 1 : 500), erbB4 (C-18; 1 : 800), p-erbB2 (p-Neu Tyr1248; 1 : 500), p-erbB3 (Tyr1328; 1 : 800), and p-erbB4 (Tyr1056; 1 : 500). Antibodies against Akt (9272; 1 : 1000), pAkt (4051; 1 : 1000), MAPK (9102; 1 : 1000), pMAPK (9101; 1 : 2000), STAT3 (9139; 1 : 1000), pSTAT3 (9131; 1 : 1000), cleaved PARP (9541; 1 : 1000), and pEGFR (2234; 1 : 800) were from Cell Signaling Technology (Danvers, Massachusetts, USA). Actin antibody was purchased from Millipore (Billerica, Massachusetts, USA) and used at a 1 : 10 000 dilution. After washing, the membrane was incubated with diluted HRP conjugated secondary goat anti-rabbit/anti-mouse antibody from Life Technologies (Grand Island, New York, USA) at room temperature for 1 h. The membrane was developed with ECL 2 Reagents (Pierce, Rockford, Illinois, USA) and exposed on BioMax XAR films (Eastman Kodak, Rochester, New York, USA). Immunoreactive bands were quantitated using Un-Scan-It gel densitometry software (Silk Scientific, Orem, Utah, USA).
ELISA assays
Conditioned medium from each sample was harvested after 48 h of incubation at 371C. The confluence of each cell line was 90-100% at the time of collection. Each sample was concentrated from 4 ml to 500 ml with the Amicon Ultra-4 Centrifugal Filter Devices (Millipore) by centrifuging at 4000 g for 6-7 min at room temperature. 
Cell cycle analysis
Cells were seeded on six-well plates at a density of 5 Â 10 5 cells/well and allowed to adhere overnight. After treating the cells with DMSO, 10 mmol/l gefitinib, erlotinib, lapatinib, or canertinib (ChemieTek) for 24 h, cells were harvested, washed twice with PBS, and fixed with ice-cold 70% ethanol at 41C for 24 h. Cells were centrifuged, washed once with PBS, and treated with 0.5 ml phosphate-citric acid buffer (192 ml 0.2 mol/l Na 2 HPO 4 and 8 ml 0.1 mol/l citric acid, pHB7.8) at room temperature for 5 min to obtain a better defined sub-G1 peak. Cells were then centrifuged and resuspended in 300 ml propidium iodide solution (15 mg propidium iodide and 3 Kunitz Units of RNase A in 1 Â PBS) and incubated in the dark at room temperature for 30 min. Cell cycle distribution was measured with BD Accuri C6 flow cytometer (BD Biosciences, San Jose, California, USA) and analyzed with FlowJo software (Tree Star Inc., Ashland, Oregon, USA). Each sample was run in triplicate and the experiment was repeated one time.
Statistical analysis
Data were expressed as mean±SE. Statistical analyses were performed with GraphPad Prism version 4.03 for Windows (GraphPad Software). The statistical significance of the sample mean difference in the experiments was determined by unpaired t-test (for canertinib treatment with/without vemurafenib), or by one-way analysis of variance followed with Dunnett's test (for vemurafenib treatments with different concentrations of canertinib), with a 95% confidence level (P < 0.05). Effect of in-vitro drug combinations was tested for synergy using the method of Chou and Talalay [18] .
Results
Multiple erbB family members and receptor ligands are expressed in melanoma cells
We examined the erbB receptor family (EGFR, erbB2, erbB3, and erbB4) expression profiles in a panel of four BRAF WT and six V600E mutant melanoma cell lines (Fig. 1a) . All cell lines used in this analysis were NRAS WT. Previously it has been shown that EGFR is commonly overexpressed in melanoma [4] . However, in our chosen panel of cell lines, EGFR was undetectable in BRAF mutant cells while only the SK-MEL147 and IgR3 BRAF WT cells had detectable EGFR expression (Fig. 1a) . Both erbB2 and erbB3 expression could be detected at differential levels among BRAF WT and mutant cells. In the BRAF WT cells, high levels of erbB2 were found in the SK-MEL147 and IgR3, whereas high levels of erbB3 were observed in IgR3, FEMX, and TPF-11-743 cells. All five BRAF mutant cell lines examined expressed both erbB2 and erbB3, in which the highest expression levels could be found in MEL526, M14, A375, and 08-196-64. Minor bands, which are possibly the proteolytic products of the erbB receptors (145 and 160 kD in the erbB2 and erbB3 blots, respectively), have been reported previously with the primary antibodies used [19] . In regard to erbB4 expression, the full-length erbB4 protein (180 kD) was present in very low levels in both BRAF WTand mutant cells, whereas a truncated (120 kD) form was the dominantly expressed form in melanoma cells. This truncated form (120 kD) of erbB4 has been previously reported to be highly expressed in human melanoma cells [20] .
We confirmed expression of these receptors in human melanoma patient tissue samples. Expression of EGFR, erbB2, erbB3, and erbB4 was also detectable in primary melanomas (Clarks level: II-IV) using immunohistochemistry (Fig. 1b) . Although the majority of the cell lines analyzed did not show detectable EGFR expression, cytoplasmic EGFR staining was observed in 8/13 patient samples (61.5%). ErbB4 staining was also observed in 8/13 samples, whereas erbB2 was detected in 11/13 samples (84.6%). Cytoplasmic erbB3 staining was detected in 7/8 samples (87.5%). BRAF mutation testing on the patient tumor tissues used in this analysis was inconclusive because of the limited availability of patient tissue material for genomic analyses.
After confirming the expression of multiple erbB receptors in melanoma cell lines and patients samples, we then measured the release of erbB ligands by ELISA in the same melanoma BRAF mutant and WT cell lines analyzed in Fig. 1a (Fig. 1c) . Among the erbB ligands tested, we found that heparin-binding EGF-like growth factor was released at extremely low levels, less than 0.6 pg/mg protein by melanoma cells. Low levels were also detected for transforming growth factor-a (TGF-a) (0.4-4.8 pg/mg protein), and amphiregulin (0.3-4.4 pg/mg protein) in most of the cell lines. However, the BRAF mutant cell lines, A375 and MEL526, released high levels of amphiregulin (31.5±13.9 and 20.9±13.4 pg/mg protein, respectively). High levels of TGF-a (26.7±10.0 pg/mg protein) were also found in A375 cells. As both TGF-a and amphiregulin preferably bind to EGFR, which was absent in A375 and MEL526, it was unexpected to see such a high level of release of these ligands in these cells. However, previously, it has been reported that TGF-a and amphiregulin can alternatively activate erbB2/erbB4 and erbB3/ erbB4 heterodimers, respectively, in other cell types without EGFR expression [21, 22] . The specific ligand for the erbB2/erbB3 heterodimer, NRG1, was released at 0.4-5.9 pg/mg protein. NRG3, the major erbB ligand for erbB4, was detected in the range 3.0-79.7 pg/mg protein in BRAF WT cells and 7.4-924.6 pg/mg protein in BRAF mutant cells. Another erbB4 ligand, NRG4, was released at moderate levels (12.3-80.8 pg/mg protein) in both BRAF WT and mutant cells. No significant differences were observed in ligand release between the BRAF WT and mutant cell lines. There were some differences in ligand release within the BRAF WT and mutant lines; however, these differences in ligand release did not correspond to receptor expression. Hence, the erbB receptor expression and ligand release profiles in the melanoma cells suggest the existence of an autocrine signaling loop between erbB2, erbB3, and erbB4 in both BRAF WT and mutant melanoma and the EGFR family expression profile does not play a role in differentiating BRAF mutant versus WT cells.
Growth of both BRAF wildtype and mutant melanoma cells is maximally inhibited by canertinib
The expression of multiple erbB receptors and ligands among the melanoma cell lines suggested that TKIs targeting multiple erbB family members could be a feasible and effective erbB targeted molecular therapeutic approach for malignant melanoma. To explore this idea, we first compared the in-vitro antitumor activities of single EGFR targeting (gefitinib and erlotinib) versus multi-erbB targeting (lapatinib and canertinib) on human melanoma cell lines (Fig. 2) . Most BRAF WT (Fig. 2a) and mutant cell lines (Fig. 2b) were weakly responsive to nonresponsive towards the EGFR-specific TKIs, gefitinib, and erlotinib, consistent with little evidence for autocrine signaling through EGFR. BRAF WT SK-MEL147 and IgR3 cells, which have detectable Both BRAF wildtype and mutant melanoma cells are more sensitive to irreversible multi-erbB inhibitors canertinib than single-erbB or dual-erbB targeting agents. Dose-dependent response curves of growth inhibition in BRAF WT (a) and V600E mutant (b) cells by 3-day treatment of gefitinib, lapatinib, erlotinib, and canertinib. Cell viability after each drug treatment was assessed by MTT assay compared with vehicle control treatment and expressed as percent vehicle control (% control). n = 3-4 experiments. WT, wildtype.
compared with the other cell lines. Both gefitinib and lapatinib are less selective towards EGFR than erlotinib. Gefitinib has some ability to inhibit both erbB2 and erbB4, whereas lapatinib also inhibits erbB2 [23] . In general, both BRAF WT and mutant cells, which express high levels of truncated erbB4 and often express erbB2, were more sensitive to gefitinib and lapatinib than erlotinib (Table 1 ). There was no direct relationship between the IC 50 for the cell lines toward gefitinib or lapatinib and the amount of erbB2, erbB3, or erbB4 protein detected or in the amount of NRG released (Supplementary Table 1 ). This suggests that dependence on erbB pathways for growth or survival is not determined by the quantity of receptor or ligand detected alone.
The irreversible multi-erbB TKI canertinib exhibited the most effective decrease in cell proliferation of the TKIs tested. The IC 50 of canertinib was in the range of 4.37-6.37 mmol/l in BRAF WT cells and 3.98-7.21 mmol/l in the BRAF mutant cells and was not significantly different based on mutation status ( Table 1 ). The IC 50 values in the melanoma cell lines analyzed in this study are much higher compared with EGFR driven cell lines such as A431 epidermoid carcinoma cells, which express very high levels of EGFR and are extremely sensitive to canertinib with a reported IC 50 of 7.4 nmol/l [24] . On the basis of this in-vitro TKI sensitivity comparison, more potent growth inhibitory effects were always observed in melanoma cells whenever multiple erbB receptors (EGFR, erbB2, and erbB4) were targeted, regardless of BRAF mutation status. Besides the need to block several erbB members, the irreversible nature of canertinib's binding may also play a role in the enhanced growth inhibition observed.
Canertinib effectively inhibits multiple erbB family members and downstream signaling
As canertinib was the most potent TKI against melanoma cells, its ability to block EGF-induced and NRG1-induced phosphorylation of erbB family members and downstream signaling pathways was examined. EGF was chosen to activate EGFR selectively, whereas NRG1 was chosen to activate ebB3/4 selectively. In BRAF WT/EGFR expressing SK-MEL147 cells, EGF stimulated the phosphorylation of EGFR at Tyr1068, erbB2 at Tyr1248, erbB3 at Tyr1328, and erbB4 at Tyr1056, whereas NRG1 induced the phosphorylation of EGFR, erbB3, and erbB4 (Fig. 3a) . Given that erbB2 does not have any ligand binding activity and erbB3 retains no detectable tyrosine kinase activity, the costimulation of erbB2 and erbB3 by EGF suggests the existence of ligandinduced heterodimerization between EGFR and both erbB2 and erbB3. Similarly, heterodimerization between EGFR and truncated erbB4 may also be induced upon EGF stimulation. Phosphorylation of EGFR, erbB3, and erbB4 upon stimulation by NRG1 also is consistent with heterodimerization between EGFR and erbB3 or erbB4. Phosphorylation of erbB proteins in response to EGF or NRG1 was completely abolished after treatment with 5 mmol/l canertinib (Fig. 3a) . Downstream Akt and MAPK phosphorylation was induced by EGF in SK-MEL147 cells, whereas STAT3 phosphorylation was not. NRG1 induced phosphorylation of Akt and STAT3 but not MAPK. This suggests some selectivity of MAPK signaling for the activated EGFR containing homodimers or heterodimers that contain several grb2 sites, whereas STAT3 activation may be initiated more effectively by erbB3/4 heterodimers. Although canertinib effectively inhibited EGF-induced Akt activation, MAPK activation was only partially inhibited. Canertinib reduced pSTAT3 levels even in the absence of EGF. Canertinib treatment abolished the NRG1-induced phosphorylation of EGFR, erbB3, and erbB4 as well as downstream pAkt and pSTAT3 in SK-MEL147 WT cells. pMAPK expression was not modified in response to NRG1 suggesting that EGFR and/or erbB2 are more involved in this signaling in SK-MEL147 cells.
In A375 BRAF mutant cells, which do not express EGFR as shown in Fig. 1a , NRG1 effectively induced p-erbB3 and p-erbB4 and canertinib completely inhibited this phosphorylation. perbB2 was not detected in these cells. Canertinib also effectively inhibited the NRG1 induction of the downstream signaling molecules pSTAT3 and pAKT, but not pMAPK, confirming what was observed with NRG1 in SK-MEL147 cells. Similar results of NRG1 stimulation and canertinib treatment were observed in IgR3 BRAF WT cells and M14 BRAF mutant cells (Supplementary Fig. 1 ).
Djerf Severinsson et al. [25] previously reported that canertinib at concentrations higher than 5 mmol/l was able to induce apoptosis in melanoma cells. Consistent with this observation, we also found that activation of caspase cleavage (indicated by the cleavage of endogenous caspase substrate PARP) was induced by overnight treatment of canertinib at 10 mmol/l, but not by gefitinib, erlotinib, nor lapatinib, in A375 BRAF mutant cells, but not BRAF WT cells (Fig. 3b) . This is consistent with the ability of canertinib to cause complete reduction of pAkt in A375 cells (Fig. 3a) . Cell cycle analysis confirms a significant 4.4-fold increase (P = 0.002) of cells in the sub-G1 phase in A375 cells treated with canertinib (13.9±2.38% average) compared with control-treated cells (3.2±1.1% average), whereas this was not observed in FEMX cells (canertinib 3.5±0.6% compared with control 4.2±0.3%). This was accompanied by a 50% decrease in cells in G2/M phase in canertinib treated compared with control-treated A375 cells. A representative histogram is shown in Fig. 3c . Quantitative analysis for all experiments is shown in Fig. 3d for all inhibitors tested. These results suggest that canertinib induces sub-G1 arrest in A375 BRAF mutant cells, but not FEMX cells, consistent with the cleaved PARP results shown in Fig. 3b .
Potent antitumor activity by multi-erbB and BRAF coinhibition in BRAF mutant melanoma
A recent report showed that NRG1 stimulation is able to potently rescue BRAF V600E melanoma cells from vemurafenib inhibition [26] . This suggested that melanoma cells, particularly the BRAF mutant cells, might retain intrinsic BRAF inhibitor resistance by the activation of multiple erbB/ligand autocrine loops. Therefore, we examined whether treatment of canertinib could exert a more effective growth inhibitory effect on BRAF mutant melanoma in the presence of BRAF inhibitors. We first verified that vemurafenib at 1 mmol/l concentration effectively caused a growth inhibition in BRAF mutant A375 and M14, but not in the BRAF WT cells (Fig. 4a) . A 63-67% inhibition of cell growth with 1 mmol/l vemurafenib was observed in the BRAF mutant cells, whereas no inhibition was observed in the SK-MEL147 WT cells and only a slight 15% decrease was found in the IgR3 WT cells. Supplementary Table 2 shows the IC 50 for vemurafenib for all of the cell lines tested.
We next tested the effect of increasing concentrations of canertinib in the presence or absence of vemurafenib. In the presence of 1 mmol/l vemurafenib, the growth inhibitory effect of canertinib was significantly enhanced in BRAF mutant cells with little to no enhancement in the WT cells (Fig. 4b and Table 2 ). For example, a 63% inhibition with vemurafenib compared with only a 10% inhibition without vemurafenib at 2 mmol/l canertinib was observed in A375 cells. In contrast, the dose-response curves of canertinib in the BRAF WT cells SK-MEL147 were not significantly altered by vemurafenib. At this same dose of canertinib (2 mmol/l) in SK-MEL147 cells, no inhibition was observed in the absence of vemurafenib and only a slight 8.5% inhibition was observed in the presence of vemurafenib. Combination index dose-response experiments show that the effect of vemurafenib and canertinib in the BRAF mutant cells was synergistic at all concentrations evaluated with combination index values of less than 1 (data not shown). Additive effects of the two drugs at some concentrations were observed in BRAF WT cell lines suggesting that the combination of the two drugs is most effective in BRAF mutant cell lines. Consistent with these results, we also demonstrated that the dose-dependent antigrowth activity of vemurafenib could be significantly enhanced in the presence of canertinib (Fig. 4c) . In the presence of 5 mmol/l canertinib, the IC 50 for vemurafenib decreased to 104±31.9 nmol/l from 288.7±15.3 nmol/l in A375 cells (P = 0.002) and 66.6±7.4 from 133.5± 21.2 nmol/l in M14 cells (P = 0.041). Canertinib (10 mmol/l) completely inhibited cell growth in both of these cell lines. Together, these results suggest that canertinib can enhance the effects of vemurafenib in BRAF mutant cell lines.
To demonstrate whether canertinib could overcome resistance to vemurafenib, we generated vemurafenib resistant A375 cells (A375-VR) by culturing A375 cells in the presence of increasing vemurafenib concentrations from 1 to 3 mmol/l sequentially. Figure 5a shows the vemurafenib dose-response between the parental A375 and A375-VR vemurafenib resistant cells. The IC 50 for vemurafenib is not reached in the A375-VR cells with vemurafenib concentrations up to 10 mmol/l. The vemurafenib IC 50 in A375 parental cells was 240 nmol/l. Addition of 5 or 10 mmol/l canertinib was able to completely overcome the vemurafenib resistance in the A375-VR with 83.6-92.5% decreases in cell growth (P < 0.0001) (Fig. 5b) .
Discussion
BRAF inhibitors have shown great potential for melanoma patients; however, both intrinsic and acquired resistance remains a clinical problem. Thus, further understanding of BRAF mutant melanoma will be necessary to develop new treatments for this disease. In this study, we have shown that, rather than one dominant erbB family member, multiple erbB receptors were expressed in BRAF mutant and WT melanoma cell lines. Among the different erbB family members, EGFR was not frequently detected in BRAF V600E melanoma cells whereas high expression levels of EGFR were occasionally present in BRAF WT cells. Furthermore, we also detected very low or even undetectable release of EGFR preferential ligands (heparin-binding EGF-like growth factor, TGF-a, amphiregulin) by melanoma cells. Hence, in melanoma cells, the EGFR signaling axis may not be a common major contributor in most cases of melanoma development. However, previous clinical evidence did show that EGFR up-regulation and gene amplification are associated with malignancy progression, metastasis, and poor prognosis in a subset of melanoma cases [4, 5] . erbB3 is commonly expressed in primary melanoma and metastases with high expression levels associated with poor patient prognosis [15] . erbB3, as well as erbB2, was often detected in high levels in both BRAF WT and mutant cells. We also detected the release of NRG1, the specific ligand of erbB3. When binding with NRG1, erbB3 can form heterodimers with other erbB partners for activating downstream signaling. We detected coactivation of erbB2 and erbB3 upon NRG1 stimulation in several melanoma cell lines, as well as coactivation of erbB3 and erbB4. Although the full-length form of erbB4 was not observed in immunoblots of unstimulated cells, phosphorylated erbB4 at 180 kD was observed after NRG1 stimulation, suggesting there is some full-length erbB4 present in these melanoma cells. This was seen in both BRAF WT and mutant cell lines. We also detected high levels of erbB4 ligands, NRG3, and NRG4, released by melanoma cells. Interestingly, we detected high expression levels of a truncated form of erbB4 in both BRAF WT and mutant cells. It has been shown that a truncated form (120 kD), rather than the full-length protein, is the dominant erbB4 species detected in human melanoma cells [20] . In breast cancer cells, erbB4 proteins undergo proteolysis in response to ligand stimulation. In return, the 80 kD intracellular domain is generated and then enters into the nucleus to carry out gene transcription activation functions [27] . At present, any transcription modulation activity exerted by truncated erbB4 in melanoma has not yet been described. However, our data suggested that the truncated erbB4 receptors may play an important role in melanoma biology. Recent evidence suggests that activating mutations in the ERBB4 gene are present in both primary melanomas as well as melanoma cell lines although the frequency of this mutation is variable ranging from 2 to 20% [28] [29] [30] [31] . These mutations can coexist with BRAF or NRAS mutations. Whether or not these mutations exist in these cell lines is not known.
Although the involvement of the erbB family in melanoma development has long been known, the use of specific EGFR targeting agents for melanoma treatment has to date appeared to be mostly ineffective for clinical use. With limited knowledge on the expression profile of various erbB receptors in melanoma, previous phase II clinical trials involving the TKIs specifically targeting EGFR (gefitinib and erlotinib) in melanoma patients showed very limited therapeutic benefit [8, 9] . In this study, our findings on multiple human melanoma cell lines indicate that (a) EGFR is not commonly present, and (b) multiple non-EGFR preferential erbB ligands, and erbB2/3/4 receptors are highly expressed in melanoma cells. Hence, it is not surprising that a single erbB targeting approach is not ideal for treating malignant melanoma patients.
It has been reported that human melanoma cell lines (RaH3 and RaH5) with high basal activated EGFR, erbB2, erbB3, and erbB4, both gefitinib and canertinib showed very effective growth inhibitory effects [25, 32] . However, the therapeutic efficacy of TKIs targeting single versus multiple erbB proteins have never been compared for melanoma treatment. In this study, we compared the antigrowth effect of single-erbB and multierbB targeting inhibitors in BRAF WT and mutant melanoma cells. Our data strongly support the idea that a pan-erbB targeting approach, rather than the single/dualerbB specific inhibition, is a more useful approach for treating melanoma in both BRAF WT and mutant tumors.
Previous clinical trials with canertinib show that thrombocytopenia and skin rash are the common toxicities associated with the drugs. The development of skin rash during canertinib treatment, a potential problem for melanoma patients, can be strategically solved through the optimization of treatment schedule as shown in other reports [33] . Another way to circumvent the toxicity of canertinib is by using a lower effective dose of canertinib by combining with other therapeutic agents. Our results indicate that, in BRAF mutant melanoma cells, the antigrowth effect of canertinib could be enhanced in the presence of BRAF inhibitor vemurafenib. Recent reports have already showed that NRG1 activation of erbB signaling can greatly attenuate BRAF inhibition by vemurafenib in BRAF mutant melanoma [2, 16, 17] . As NRG1 activates erbB3/4, an agent like canertinib that can block not only erbB3/4 but also their heterodimer binding partners would have the best potential for overcoming this effect. Furthermore, Prahallad et al. [26] have already described that inhibition of EGFR signaling renders BRAF mutant colon cancers subsequently sensitive to vemurafenib, although these are intrinsically resistant to BRAF inhibitors alone. Their data also show that ectopic EGFR expression in melanoma carrying BRAF V600E mutation is sufficient to induce BRAF inhibitor resistance.
Current use of vemurafenib in melanoma patients is often associated with the induction of secondary cutaneous squamous cell carcinoma development upon prolonged vemurafenib exposure. This is mainly because of the activation of MEK/MAPK/ERK pathway in BRAF normal cells by vemurafenib. Our data, however, indicate that canertinib is also effective in inhibiting the growth of BRAF WT tumor cells. Hence, the combined treatment of vemurafenib and canertinib may likely reduce the occurrence of secondary cutaneous squamous cell carcinoma development.
Conclusion
We have demonstrated that individual melanoma cell lines express more than one dominant member of the erbB receptor family, as well as ligands for these receptors, and that the different erbB family members signal together in response to a selective ligand for EGFR or erb3/4. Growth inhibition of melanoma cells is more effective with the pan-erbB targeting inhibitor canertinib than other single/dual erbB targeting agents, and canertinib can block the activation of multiple erbB receptors. In addition, we showed that multi-erbB inhibition with canertinib could enhance the antitumor efficacy of BRAF inhibitor vemurafenib in BRAF mutant melanoma. Further work to determine whether this enhanced effect in BRAF mutant melanoma can prevent or overcome vemurafenib resistance is warranted, along with exploration of the clinical applications of these concepts.
